Abstract
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Arginine (Arg)-rich peptides are well-known cell-penetrating peptides (CPPs) that can cross the plasma membrane in not only in vitro cultured cells, but also in vivo animal tissues [1] [2] [3] . In addition to Arg-rich peptides themselves, membrane-impermeable compounds can be delivered into cells by Arg-rich peptides. Therefore, previous studies focused on developing novel CPPs based on Arg-rich peptides including their derivatives and delivery systems for membrane-impermeable drugs, biological macromolecules, and nanosized materials [4] [5] [6] [7] . Nucleic acids such as antisense DNA, plasmid DNA (pDNA), and siRNA are one of the major targets for delivery systems by Arg-rich peptides [8] [9] [10] . Electrostatic interactions between cationic guanidino groups in Arg-rich peptides and anionic phosphate groups in DNA or RNA afford polyion complexes, the physicochemical properties and transfection abilities of which depend on their peptide sequences, peptide lengths, and hydrophobic modifications [8] [9] [10] [11] .
In the present study, we examined pDNA delivery and the cell-penetrating abilities of fluorescein-labeled Arg-rich peptides. The peptides described herein were three types of nonapeptides composed of 6-carboxyfluorescein therefore, these aspects have been achieved separately. In the present study, the same fluorescein-labeled peptides were used to evaluate the transfection and cell-penetrating abilities of peptide/pDNA complexes from the viewpoint of peptide behavior. By physicochemically evaluating peptide/pDNA complexes and performing in vitro assays of peptides and peptide/pDNA complexes against cultured cells, R9 peptides were found to possess the highest transfection and cell-penetrating abilities among the three types of peptides examined. R9 peptides were internalized into cells more efficiently for R9/pDNA complexes than for R9 peptides alone in spite of the same mechanism of internalization. These results will help in the design and development of Arg-rich peptides for CPPs and pDNA delivery.
Materials and Methods

2-1. Materials
Dullbecco's modified Eagle's medium (DMEM) was obtained from Sigma-Aldrich 
2-2. Peptide synthesis
The peptides
, and
were synthesized as previously reported ( Figure 1 ) [12] . The crude peptides were purified by reversed-phase HPLC.
The purified peptides were characterized by analytical reversed-phase HPLC and matrix-assisted laser desorption/ionization mass spectrometry.
2-3. Preparation of peptide/pDNA complexes
Each peptide and pDNA was dissolved separately in 10 mM Hepes buffer (pH 7.3).
A two-fold excess volume of peptide solutions of various concentrations was added to the pDNA solution to form peptide/pDNA complexes with different compositions. The final pDNA concentration was adjusted to 33.3 µg/mL and complex solutions were stored at room temperature for 15 min prior to use. The charge ratio was defined as the residual molar ratio of the guanidino groups of peptides to the phosphate groups of pDNA.
2-4. Dynamic light scattering (DLS) measurements
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The sizes of the peptide/pDNA complexes were evaluated by DLS using Nano ZS (ZEN3600, Malvern Instruments, Ltd., UK). A He-Ne ion laser (633 nm) was used as the incident beam. Light scattering data were obtained at a detection angle of 173 ˚ and a temperature of 25˚C and were subsequently analyzed by the cumulant method to obtain the hydrodynamic diameters and polydispersity indices (PDI) (µ/Γ 2 ) of the complexes.
Results were presented as the mean and standard deviation obtained from 3 measurements (Table 1) .
2-5. Zeta-potential measurements
The zeta-potentials of peptide/pDNA complexes were evaluated by the laser-Doppler electrophoresis method using Nano ZS with a He-Ne ion laser (633 nm). Zeta-potential measurements were carried out at 25˚C. A scattering angle of 173˚ was used in these measurements. Results were presented as the mean and standard deviation obtained from 3 measurements (Table 1) .
2-6. Transfection
Huh-7 and HeLa cells were separately seeded onto 24-well culture plates (10,000 cells/well) and incubated overnight in 400 µL of DMEM containing 10% fetal bovine serum (FBS). The medium was exchanged and the peptide/pDNA complex solutions (33.3 μg pDNA/mL) prepared at various charge ratios, naked pDNA, or commercially available TurboFect/pDNA prepared according to the manufacturer's protocol were 7 applied to each well. The amount of pDNA was adjusted to 1 µg per well. After a 24-h incubation, the medium was replaced with 400 µL of fresh medium, followed by further incubations for the indicated times (post-incubation). Luciferase gene expression was then evaluated based on photoluminescence intensity using the luciferase assay kit and a luminometer (Gene Light GL-210A, Microtec. Co., Ltd., Chiba, Japan).
The amount of protein in each well was concomitantly determined using a Micro BCA protein assay kit. Results were presented as the mean and standard deviation obtained from 4 samples (Figures 2 and 3 ).
2-7. Cellular uptake
Huh 
2-9. Fluorescence measurements
The fluorescence intensities of peptide solutions prepared at various concentrations and peptide/pDNA complex solutions prepared at various charge ratios were measured using a spectrofluorometer (ND-3300). The concentration of guanidino groups in the peptide/pDNA complex solution (33.3 µg pDNA/mL) prepared at a charge ratio = 1 was 102.6 µM. Results were presented as the mean and standard deviation obtained from 3 measurements ( Figure 6 ).
2-10. Inhibition of endocytosis
Huh-7 cells were seeded onto 24-well culture plates (40,000 cells/well) and incubated in 400 µL of DMEM containing 10% FBS. After the replacement of medium with fresh medium containing 10% FBS in the absence or presence of amiloride (5 mM), chlorpromazine (10 µg/mL), or nystatin (25 µg/mL), cells were pre-incubated at 37˚C or 4˚C for 10 min (for amiloride) or 30 min (for others). R9 peptide or R9/pDNA complex (charge ratio = 8) solutions were applied to each well at a guanidino group concentration of 61.5 µM and 1 µg pDNA. After a 2-h incubation at 37˚C or 4˚C, the medium was removed, and the cells were washed with ice-cold PBS and trypsinized.
After the addition of medium containing 10% FBS, cells were centrifuged at 1,600 rpm for 3 min at 4˚C. The cell pellets obtained were suspended in ice-cold PBS, centrifuged at 1,600 rpm for 3 min at 4˚C, and then treated with Cell lysis buffer M.
The fluorescence intensity of each lysate was measured using a spectrofluorometer (ND-3300). The amount of protein in each well was concomitantly determined using the BCA protein assay reagent kit. Results were presented as the mean and standard deviation obtained from 3 samples (Figure 7 ).
2-11. Confocal laser scanning microscope (CLSM) observations
Huh-7 cells were seeded onto 8-well chambered cover glasses (Iwaki, Tokyo, Japan) Figure 8A ). The rate of the colocalization of peptides with LysoTracker Red was quantified [13] . The colocalization ratio was quantified as follows:
Colocalization ratio (%) = peptide pixelscolocalization / peptide pixelstotal x 100
where peptide pixelscolocalization represents the number of peptide pixels colocalizing with
LysoTracker Red in the cell, and peptide pixelstotal represents the number of all the pixels in the cell. Results were represented as the mean and standard deviation obtained from 16 cells ( Figure 8B ).
Results
3-1. Transfection efficiencies of peptide/pDNA complexes
The transfection efficiencies of the R9, (RRG)3, and (RRU)3/pDNA complexes prepared at charge ratios = 2, 4, and 8 were evaluated against Huh-7 and HeLa cells using the luciferase assay ( Figure 2 ). The transfection efficiency of R9/pDNA complexes increased with the charge ratio against both cells, and reached a similar value to that of a commercially available TurboFect at a charge ratio = 8 against Huh-7 cells.
However, (RRG)3 and (RRU)3/pDNA complexes showed almost no transfection efficiencies, similar to naked pDNA, at all charge ratios against both cells.
3-2. Effects of the post-incubation time on transfection efficiency
The transfection experiments described in the preceding section were performed 
3-3. Cellular uptake and cytotoxicity of peptides and peptide/pDNA complexes
The cellular uptake of peptides added to peptide/pDNA complexes at charge ratios = 2, 4, and 8, and that added to peptides alone without pDNA at appropriate concentrations corresponding to each charge ratio were evaluated in order to elucidate the mechanism underlying the markedly high transfection ability of R9 peptides (Figure 4 ). The cell culture medium treated with peptide/pDNA complexes at a charge ratio = 2 contained 15.4 µM of the guanidino groups of these peptides. The R9 peptide had nine guanidino groups in one peptide, while (RRG)3 and (RRU)3 peptides had six guanidino groups.
Therefore, the peptide (or 6-FAM) concentration of (RRG)3 and (RRU)3 peptides were 1.5-fold higher than that of the R9 peptide in the cell culture medium under the conditions of same guanidino group concentration. The uptake of (RRG)3 and (RRU)3
peptides by Huh-7 and HeLa cells was similar with the single administration of peptides and administration of peptide/pDNA complexes at all concentrations and charge ratios.
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The cellular uptake of R9 peptides added to peptide/pDNA complexes was significantly higher than that added to peptides alone under the conditions of high concentrations.
Under the condition of the 61.5 µM guanidino group (charge ratio = 8) against Huh-7 cells, the uptake of R9 peptides in peptide/pDNA complexes was 16-fold higher than that of R9 peptides in peptides alone. R9 peptides added to peptides alone showed higher fluorescence intensities than those of (RRG)3 and (RRU)3 peptides at same guanidino concentrations in spite of higher dose of (RRG)3 and (RRU)3 peptides. The uptake of R9 peptides added to peptide/pDNA complexes at a charge ratio = 8 was 291-and 36-fold higher than that of (RRG)3 and (RRU)3 peptides added to these complexes against Huh-7 cells, respectively, in which the transfection efficiency of R9/pDNA complexes was more than 1000-fold higher than those of (RRG)3 and (RRU)3/pDNA complexes ( Figure 2 ). R9 peptides were internalized into cultured cells more efficiently than (RRG)3 and (RRU)3 peptides, especially in peptide/pDNA complexes, which may be the main reason for the higher transfection efficiency of R9/pDNA complexes. Figure 5 shows the results of a cytotoxiciy analysis performed under the same concentration of peptides as the cellular uptake experiments. The negligible cytotoxicities of all peptides with or without pDNA were detected in both Huh-7 and HeLa cells.
3-4. Sizes and zeta-potentials of peptide/pDNA complexes
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The mean size and zeta-potential of peptide/pDNA complexes were markedly different according to the peptides (Table 1) 
3-5. Fluorescence measurements
The fluorescence intensities of peptide and peptide/pDNA complex solutions were measured in order to monitor the fluorescence quenching of fluorescent-labeled peptides and understand the physicochemical properties of each peptide/pDNA complex ( Figure   6 ). Fluorescence quenching was only expected to occur with the formation of assembly structures through self-quenching [14, 15] . The results of the peptide alone showed ideal curves in which the fluorescence intensities of (RRG)3 and (RRU)3 peptides were similar to and 1.5-fold higher than that of the R9 peptide at all concentrations. R9 and (RRG)3/pDNA complexes showed similar curves with negative maxima at a charge ratio = 1.25, suggesting a stoichiometric charge ratio in these complexes. On the other hand, the curve of (RRU)3/pDNA complexes was markedly different from those of the R9 and (RRG)3/pDNA complexes and contained no distinct negative maximum. The fluorescence intensities of all peptide/pDNA complex solutions were similar at a charge ratio = 4 (a guanidino group concentration: 410.3 µM), whereas those of (RRG)3 and (RRU)3 peptide solutions were approximately 1.5-fold higher than that of the R9 peptide solution at a guanidino group concentration of 410.3 µM. These results suggested the differences in the association behavior of each peptide with pDNA, which led to the different size and zeta-potential of each peptide/pDNA complex (Table 1) .
3-6. Effects of endocytosis inhibitors and low temperature on the internalization of R9 peptides
To clarify the mechanism underlying the internalization of R9 peptides and R9/pDNA complexes into Huh-7 cells, experiments on the inhibition of cellular uptake were performed using specific endocytosis inhibitors and a temperature of 4˚C ( Figure   7 ). The effects of the following endocytosis inhibitors on internalization were examined: amiloride (a specific inhibitor of macropinocytosis); chlorpromazine (a specific inhibitor of clathrin-mediated endocytosis); and nystatin (a specific inhibitor of caveolae-mediated endocytosis) [16] [17] [18] [19] . Similar results were obtained from experiments using the R9 peptide alone and R9/pDNA complexes. Cellular uptake was significantly lowered by treatment with amiloride than by the treatment with no additive control, which implied that the internalization of R9 peptides added to peptides alone and peptide/pDNA complexes into Huh-7 cells mainly occurred via macropinocytosis.
The low temperature (4˚C) incubation almost completely inhibited the internalization of R9 peptides, which suggested that R9 peptides and R9/pDNA complexes were internalized into Huh-7 cells through energy-dependent routes.
3-7. Intracelluar distribution of R9 peptides
The intracellular distribution of R9 peptides (green) with or without pDNA (a guanidino group concentration: 61.5 µM; charge ratio = 8) was investigated by CLSM against Huh-7 cells (Figure 8 ). LysoTracker Red (red) and Hoechst 33342 (blue) were used to label late endosomes/lysosomes and nuclei, respectively. The amount of peptides observed in the cells was markedly higher for peptide/pDNA complexes than peptides alone, which was consistent with the results obtained by the cellular uptake analysis (Figure 4 ). The colocalization of peptides with the late endosomes/lysosomes was quantified and shown in Figure 8B . More than 50% of R9 peptides added to peptides alone were localized in late endosomes/lysosomes in contrast to only 33% of those added to peptide/pDNA complexes. These results revealed that R9 peptides added to peptide/pDNA complexes that were internalized into the Huh-7 cells achieved effective endosomal escape, which is one of the major obstacles for nonviral gene vectors.
Discussion
An Arg-rich peptide is one of the most efficient CPPs, and therefore, has been developed as a tool for drug delivery systems (DDS) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In the present study, an
Arg nonapeptide (R9), which has frequently been utilized for DDS from the viewpoint of the balance between delivery efficiency and cytotoxicity, was evaluated for its pDNA transfection efficiency and cell-penetrating ability. Two additional types of nonapeptides, in which three Arg residues were replaced by the Gly or Aib residues, (RRG)3 and (RRU)3, respectively, were synthesized and evaluated to understand their effects on transfection and cell-penetrating abilities by replacing cationic amino acids (Arg) with neutral (Gly) and hydrophobic (Aib) amino acids ( Figure 1 ). have been due to an enhancement in stability through hydrophobic interactions and the slow release of pDNA from complexes as reported previously [20, 21] . Another reason for delayed gene expression of (RRU)3/pDNA complexes might be that (RRU)3 peptides were stabilized against proteases in the serum compared to R9 and (RRG)3 peptides because of unnatural amino acids Aib introduced [22] . There was big difference of transfection efficiencies between Huh-7 and HeLa cells treated with (RRG)3 and (RRU)3/pDNA complexes. Transfection efficiency against HeLa cells is generally less than that against Huh-7 cells [21, 23] ; and therefore, we may not have been able to achieve sufficient transfection by (RRG)3 and (RRU)3/pDNA complexes against HeLa cells ( Figures 3E and 3F ). Arg oligopeptides composed of 4, 8, 12, or 16 Arg residues were previously reported to have low transfection efficiencies and the stearylation of these peptides increased their transfection efficiencies by approximately 100-fold [11] . In the present study, R9 peptides showed good transfection efficiencies similar to that of TuboFect under certain conditions, and thus, 6-FAM may function as a hydrophobic group not unlike a stearyl group.
In order to elucidate the highest transfection efficiency of R9/pDNA complexes, the cellular uptake of peptides added to peptides alone and peptide/pDNA complexes was evaluated ( Figure 4 ). In the experiments treated with peptides alone, R9 peptides showed the highest fluorescence intensity at all concentrations and against both cells.
The amount of R9 peptides added to the cell culture medium was two-thirds those of (RRG)3 and (RRU)3 peptides. The cell-penetrating ability of R9 peptides was greater than those of (RRG)3 and (RRU)3 peptides. The amounts of (RRG)3 and (RRU)3 peptides were almost the same between the peptides alone and peptide/pDNA complexes, while the uptake of R9 peptides was markedly higher with peptide/pDNA complexes than with peptides alone at high concentrations (charge ratios). These results may be explained by the different formation and physicochemical properties of peptide/pDNA complexes. The fluorescence intensity of (RRU)3/pDNA complex solutions indicated no negative maximum at any charge ratio, which was quite different from those of the R9 and (RRG)3/pDNA complexes ( Figure 6 ). (RRU)3 peptides added to pDNA solution were consistently less capable of associating with pDNA than R9 peptides, which may have led to highly negative zeta-potentials even at a charge ratio = 8 ( Table   1 ). The fluorescence intensity of (RRG)3/pDNA complexes at a charge ratio = 4 was similar to that of R9/pDNA complexes, although the concentration of RRG peptides was 1.5-fold higher than that of R9 peptides. The zeta-potential of (RRG)3/pDNA complexes was negative even with an excess amount of peptides and their size was approximately 800 nm, while R9/pDNA complexes at a charge ratio = 8 showed a 20 zeta-potential of +18.2 mV and size of 88.2 nm. The formation of R9/pDNA complexes with highly cationic surfaces and sized less than 100 nm may contribute to their more efficient cellular uptake than R9 peptides alone. Taken together with these results, decreases in cationic amino acids and increases in hydrophobic amino acids in Arg-rich peptides greatly affected the formation and physicochemical properties of peptide/pDNA complexes, resulting in reductions in cellular uptake and transfection efficiency. R9 peptides, regardless of being formed with or without pDNA, were taken up by Huh-7 cells through the same mechanism, macropinocytosis, which was consistent with previous paper that macropinocytosis played a major role in Arg-rich peptides internalization ( Figure 7 ) [24] . However, amiloride inhibited approximately 65% of R9 peptide internalization for R9/pDNA complexes and 45% for R9 peptides alone. These differences may have contributed to the significant differences observed in the colocalization ratio with the late endosomes/lysosomes ( Figure 8B ) because macropinosomes are thought to be difficult to fuse into lysosomes and inherently leaky vesicles [16, 25] .
Conclusion
We evaluated the transfection efficiencies and cell-penetrating abilities of three Error bars represent the standard deviation, n = 4. **P < 0.01 and **P < 0.001. 
